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Scheduled servicingAbstract Servicing is applied periodically in practice with the aim of restoring the system state and
prolonging the lifetime. It is generally seen as an imperfect maintenance action which has a chief inﬂu-
ence on the maintenance strategy. In order to model the maintenance effect of servicing, this study
analyzes the deterioration characteristics of system under scheduled servicing. And then the deterio-
rationmodel is established from the failure mechanism by compound Poisson process. On the basis of
the system damage value and failure mechanism, the failure rate refresh factor is proposed to describe
the maintenance effect of servicing. Amaintenance strategy is developed which combines the beneﬁts
of scheduled servicing and preventivemaintenance. Then the optimizationmodel is given to determine
the optimal servicing period and preventive maintenance time, with an objective to minimize the sys-
tem expected life-cycle cost per unit time and a constraint on system survival probability for the dura-
tion of mission time. Subject to mission time, it can control the ability of accomplishing the mission at
any time so as to ensure the high dependability. An example of water pump rotor relating to scheduled
servicing is introduced to illustrate the failure rate refresh factor and the proposed maintenance strat-
egy. Comparedwith traditionalmethods, the numerical results show that the failure rate refresh factor
can describe the maintenance effect of servicing more intuitively and objectively. It also demonstrates
that this maintenance strategy can prolong the lifetime, reduce the total lifetimemaintenance cost and
guarantee the dependability of system.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Maintenance as a necessary part for some important and
expensive systems can keep the system in good condition or
restore it to a state in which it can perform its required
Fig. 1 System damage process.
822 D. Li et al.function. Especially for the aircraft, because of its often fatal
and costly consequences of failure, one of the most important
goals of the maintenance is to ensure safety, characterized by
reliability or availability indexes generally.1,2 With the aim of
postponing the reliability decrease speed and restoring
system’s operational performance, the aeronautic facility is
usually subject to periodical servicing during its life cycle, such
as engine tune-up and aeronautical instrument emendation. As
a result, the preventive maintenance strategy considering
scheduled servicing is widely used to decline failures and
reduce high maintenance cost.
In the past decades, the analysis and modeling of imperfect
operations have been extensively discussed in Refs.3–6 There
are many different methods to model imperfect maintenance.
According to different points of view, the methods for treating
imperfect maintenance can be classiﬁed into two categories as
follows. In one category, parameters are used to describe
imperfect degree from various reliability indexes. For example,
the improvement factor method3,4 is in terms of failure rate,
the virtual age method5,6 is in terms of lifetime. These methods
have the advantages of modeling imperfect degree intuitively
and simplifying the process. So there are many applications
in engineering practice. Because of intuitional supposition, this
kind of viewpoint also has some subjectivity. It is generally
relies on an expert judgment to estimate the improvement fac-
tor or virtual age factor in practice. The other category can be
deﬁned as shock model which treats as imperfect from failure
mechanism.7,8 Compared with the parameter model proposed
above, it is more objective, because the existing researches
focus on microcosmic analysis and shock types. The shock
model has complicate expressions that imperfect degree cannot
be comprehend intuitively, such as d-shock model.9 An exten-
sive review and in-depth analysis of imperfect maintenance
model exist in much literature.10–14
In order to achieve different purposes, there are many stud-
ies on the subject of the preventive maintenance strategy.
Those studies take into consideration several criteria such as
cost, risk (safety), reliability, availability, or a combination
of the above-stated criteria. Chien and Chen15 used the cost-
effectiveness to determine the preventive replacement strategy
which describes the maintenance degree by parameter model.
Based on the improvement factor, Zhang and Gao16 proposed
the maintenance optimization model considering reliability
requirement. Lina et al.17 studied the maintenance method
for comparing the effect of different maintenance strategies
on system reliability and cost. In the above literature no con-
sideration is, however, given to the case of mission time or
dependability. To some extent, the operators prefer reliability
requirements to be based on mission. Therefore, this paper
takes into account the mission time effect on maintenance
strategy which is useful to extend the scope of application.
The main objective of this article is to give an approach to
determine the optimal preventive maintenance strategy based
on servicing analysis and mission time. It is well-known that
servicing is an imperfect maintenance action that just restores
the system damage and cannot eliminate the system failure
cause totally. Based on the system failure mechanism, Sections
2 and 3 are devoted to present an improved method to model
the system damage process and describe the maintenance effect
of servicing. And the purpose of the improved method is to
describe intuitively and objectively the damage process of sys-
tem on scheduled servicing and lays the foundation for themaintenance strategy research. It deals with preventive mainte-
nance strategy modeling considering scheduled servicing and
mission time in Section 4. Therefore, the results are helpful
in determining the servicing period and preventive mainte-
nance time with the aim of ensuring the system dependability
and decreasing the maintenance cost. A numerical example is
presented to illustrate the method of maintenance effect of ser-
vicing and the proposed preventive maintenance strategy in
Section 5. Finally, there are some conclusions in Section 6.
2. Scheduled servicing process analysis
It is well-known that the system damage can be modeled as a
stochastic cumulative process with increasing sample paths,
such as fatigue, creep, corrosion and wear.18 If there is no
maintenance, the system damage gradually cumulates. A fail-
ure occurs if the total damage exceeds a critical threshold Ls.
The damage process can be described in Fig. 1(a), in which
X(t) is deﬁned as the total damage at time t.
From Fig. 1(a), it shows a continuous and monotone dam-
age process.
For some important and expensive system, the daily servic-
ing is usually used to restore the system damage to the pre-
scribed level that is generally deﬁned as zero value. Fig. 1(b)
shows the damage process considering scheduled servicing, in
which Dt is the servicing period.
It can be seen from Fig. 1(b) that there is signiﬁcant discon-
tinuity at any servicing time, because the servicing restores the
system damage to be zero. Fig. 1(b) also shows that the system
damage has a progressive increase considering schedule servic-
ing. Furthermore, the system damage shows substantial
increases at some time. For the system reliability, the damage
change rule considering scheduled servicing can make it decline
slowly at the beginning time, but after a moment it decreases
very ﬂeetly, just because servicing restores the system damage
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tenance. Servicing does not totally change the system deteriora-
tion speed, so the scope of damage increases gradually. Then,
servicing is an imperfect maintenance action which restores
the system operating state to some extent between as good as
new and as bad as old and has a positive effect on the system
damage. In order to analyze the maintenance effect of servicing
and optimize the maintenance strategy, the damage process
must be modeled based on the two characteristics above.
3. Modeling deterioration and scheduled servicing
3.1. Deterioration model
Consider the system which suffers a random damage caused by
stochastic shock. Let Nt,t+s be the total number of shocks
occurring at the time interval (t, t+ s]. Although the shock
process Nt,t+s can be modeled as a general stochastic process,
it is supposed here as a non-homogeneous Poisson process
with intensity mðt; tþ sÞ ¼ R tþs
t
atb1dt. a and b are the param-
eters of the intensity function. Because of this, the deﬁnition of
shock process is given as
PðNt;tþs ¼ nÞ ¼ ½aðtþ sÞ
b  atb
bnn!
exp  1
b
½aðtþ sÞb  atb
 
ðn ¼ 1; 2;   Þ ð1Þ
where n is a positive integer.
The damage after each shock is denoted by Y. The extent of
the damage has common relations with the system material
and process of manufacture.19 Then, Y1, Y2,   is independent
and identically normal distribution, showing as
Yi  Nðl; rÞ ði ¼ 1; 2;   Þ ð2Þ
where l and r can be seen as the system performance
parameters.
The shock process Nt,t+s and the cumulative damage are
assumed to be independent. The total damage in the time inter-
val (t, t+ s], Xt,t+s, can be described as
Xt;tþs ¼
XNt;tþs
i¼1
Yi
The stochastic process Xt,t+s is said to be a compound Poisson
process. It follows that
PðXt;tþs < xÞ ¼
X1
i¼1
PðNt;tþs ¼ iÞP
Xi
j¼1
Yj < x
 !
ð3Þ
where x is a rational number which less than critical threshold
Ls
It can be noted that the total damage distribution can be
deﬁned as the combination of inﬁnite normal distribution.
Based on the characteristic function of Xt,t+s and the moment
generating function of Xt,t+s,
20 the expected value and
variance of Xt,t+s are obtained:
EðXt;tþsÞ ¼ al
b
½ðtþ sÞb  tb
DðXt;tþsÞ ¼ aðl
2 þ r2Þ
b
½ðtþ sÞb  tb
8><
>: ð4Þ
It is too complex to relatively easy to evaluate Eq. (3) numer-
ically. With the aim of easy calculation and description, thestochastic process Xt,t+s can be almost a normal distribution
by using central limit theorem. Thus Xt,t+s can be rewritten as
Xt;tþs  Nðlt;tþs; r2t;tþsÞ
then based on Eq. (4) above, lt,t+s = E(Xt,t+s) and
r2t;tþs ¼ DðXt;tþsÞ.
The servicing is a limited maintenance action, such as lubri-
cation, tune-up and clean. So the servicing does not change the
failure mechanism. It is supposed that the servicing affects only
the damage process, not the shock process. That is to say, the
shock intensity is unchanged after each servicing, but the total
damage is restored to zero at the servicing time. Hence, if the
system has a constant servicing period Dt, the total damage
XiDt,t in an arbitrary time t 2 (iDt, iDt+ Dt] is
PðXDt;t < xÞ ¼
U
x l0;t
r0;t
 
i ¼ 0
U
x lDt;t
rDt;t
 
i ¼ 1
..
.
U
x lkDt;t
rkDt;t
 
i ¼ k
8>>>>>><
>>>>>>:
ð5Þ
where U() is the cumulative distribution function of standard
normal distribution, k 2 N+.
With the given critical threshold Ls, the system reliability
function R(t) at time t can be calculated as
RðtÞ ¼ PðXiDt;t < Ls;X0;iDt < Ls;XDt;iDt < Ls;    ;Xði1ÞDt;iDt < LsÞ
¼ PðXiDt;t < LsÞ
Yi
j¼0
PðXjDt;ðjþ1ÞDt < LsÞ
¼ U Ls  liDt;t
riDt;t
 Yi
j¼0
U
Ls  ljDt;ðjþ1ÞDt
rjDt;ðjþ1ÞDt
  ð6Þ
In particular, when i= 0, Eq. (6) is
RðtÞ ¼ PðX0;t < LsÞ ¼ U
Ls  l0;t
r0;t
 
Noting that Eq. (6) is conditional probability, it proves that
the system reliability function of scheduled servicing has rela-
tions with both working time t and servicing period Dt. So it
makes a great difference from the one without servicing.
3.2. Maintenance effect of servicing
According to the above statistical analysis, this study focuses
on the maintenance effect of servicing. The system failure rate
kðtÞ at time t is deﬁned as
kðtÞ ¼ lim
e!0
RðtÞ  Rðtþ eÞ
RðtÞe ð7Þ
where e is the time of system continues to work.
For a system requiring scheduled servicing, the parameters of
reliability function R(t) change with working time and servicing
period from Eq. (6). The most important is that the left-hand
limit does not equal right-hand limit at any servicing time
because of the maintenance effect of servicing. These mean that
the failure rate of scheduled servicing is not a continuous func-
tion of time. It is difﬁcult to analyze the failure rate by Eq. (7).
To describe the failure rate compactly and intuitively, the
average failure rate is given by considering fully servicing.
Let e= Dt, it can be derived as
824 D. Li et al.kðtÞ ¼ RðtÞ  Rðtþ DtÞ
RðtÞDt ð8Þ
Eq. (8) has an engineering signiﬁcation, which is used to
describe the failure proportion per time in the time interval
(t, t+ Dt]; the system still works at time t.
Therefore, substituting Eq. (6) into Eq. (8), the average
failure rate is
kþðiDtÞ ¼
1 U Ls  liDt;ðiþ1ÞDt
riDt;ðiþ1ÞDt
 
Dt
ð9Þ
where kþðiDtÞ is the average failure rate that system is serviced
at time iDt.
If there is no servicing at time iDt, the average failure rate
kðiDtÞ is
kðiDtÞ ¼ RðiDtÞ  R
ðiDtþ DtÞ
RðiDtÞDt
¼
U
Ls  lði1ÞDt;iDt
rði1ÞDt;iDt
 
 U Ls  lði1ÞDt;ðiþ1ÞDt
rði1ÞDt;ðiþ1ÞDt
 
U
Ls  lði1ÞDt;iDt
rði1ÞDt;iDt
 
Dt
ð10Þ
where R(iDt+ Dt) is the reliability function that system is
not serviced at time iDt.
Evidently, there is a progressive decline in the average fail-
ure rate after each servicing, i.e., kðiDtÞ > kþðiDtÞ. To analyze
the maintenance effect of servicing, the failure rate refresh
factor bi is given as
bi ¼
kðiDtÞ  kþðiDtÞ
kðiDtÞ ð11Þ
where bi e [0, 1]. In particular, when bi = 0, the average failure
rate is unchanged after servicing, i.e., the system is returned to
the ‘‘as bad as old’’ state. Contrariwise, when bi = 1, the aver-
age failure rate is restored to zero after servicing, i.e., the sys-
tem is returned to the ‘‘as good as new’’ state. Noting that the
failure refresh factor is a function of servicing time, it can
represent intuitively the maintenance effect of servicing.
4. Evaluation of preventive maintenance strategy
4.1. Preventive maintenance strategy description
In this section, preventive maintenance strategy considering
scheduled servicing is proposed. The maintenance model is
studied under the following assumptions:
(1) It is supposed that the system is periodically serviced at
an interval Dt.E2ðtÞ ¼
R Dt
0
tdFðtÞ þ
Xk1
i¼1
R ðiþ1ÞDt
iDt tdFðtÞ
Yi
j¼1
PðXðj1ÞDt;jDt < LsÞ þ
R Ts
kDt tdFðtÞ
Yk
j¼1
PðXðj1ÞDt;jDt < LsÞ Ts  kDtP Tm
R Dt
0
tdFðtÞ þ
Xk1
i¼1
R ðiþ1ÞDt
iDt tdFðtÞ
Yi
j¼1
PðXðj1ÞDt;jDt < LsÞ Ts  kDt < Tm
8>>><
>>>:(2) At Ts time, the preventive maintenance action is applied
to the system before the total damage reaches the critical
threshold Ls.(3) The failure is reported immediately as soon as the total
damage exceeds the critical threshold Ls and the correc-
tive maintenance action is required consequently.
(4) The system can be restored to a state ‘‘as good as new’’
after a preventive or corrective maintenance action.
4.2. Maintenance strategy analysis considering mission time and
cost
According to the proposed maintenance strategy, the life cycle
of the system can be deﬁned as the duration beginning with a
renewal and ending with a preventive or corrective mainte-
nance action. The engineers hope the system can have high
dependability during the life cycle. That is to say, the system
should keep the operating state for the duration of mission
time. To control the level of dependability at all times, a limit
a is set to the work time over the life cycle of the system. It can
be determined as
PðXðtþ TmÞ < LsjXðtÞ < LsÞ ¼ Rðtþ TmÞ
RðtÞ P a ð12Þ
where Tm is deﬁned as the mission time. Evidently, Eq. (12)
requires the probability that the system continues to carry
out mission cannot be less than a at any time.
As stated before, the servicing is an imperfect maintenance.
Thus, there exists a ﬁnite time Ts that cannot meet Eq. (12). It
has to take preventive maintenance action that restores the sys-
tem ‘‘as good as new’’ at that time. The preventive mainte-
nance time can be conﬁrmed with the given mission
maintenance time Tm and limit a.
The life cycle of the system will be ended in two cases. In
Case 1, the system survives before the preventive maintenance
time. The preventive maintenance action is implemented at
time Ts. The expected length of the life cycle in this case,
E1(t), is calculated as
E1ðtÞ ¼
TsPðXkDt;Ts < LsÞ
Yk
i¼1
PðXði1ÞDt;iDt < LsÞ Ts  kDtP Tm
kDt
Yk
i¼1
PðXði1ÞDt;iDt < LsÞ Ts  kDt < Tm
8>><
>>:
where k ¼ Ts
Dt
 
.
In Case 2, the system fails in an arbitrary time before the pre-
ventive maintenance time. The corrective maintenance action is
implemented immediately after the failure. The expected length
of the life cycle in this case, E2(t), is calculated aswhere F(t) = P(XiDt,t < Ls), which is determined by Eq. (5).
As mentioned above, the expected available time of the
system in a life cycle can be obtained by
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The total life cycle cost of the system includes servicing cost, pre-
ventive maintenance cost and corrective maintenance cost,
denoted by Cs, Cp and Cm, respectively. In Case 1, the expected
cost incurred frompreventivemaintenance action in a life cycle is
E1ðCÞ ¼
ðCp þ kCsÞPðXkDt;Ts < LsÞ
Yk
i¼1
PðXði1ÞDt;iDt < LsÞ
Ts  kDtP Tm
½Cp þ ðk 1ÞCs
Yk
i¼1
PðXði1ÞDt;iDt < LsÞ
Ts  kDt < Tm
8>>>><
>>>>:
In Case 2, the expected cost incurred from corrective mainte-
nance action in a life cycle isE2ðCÞ¼
Cm
R Dt
0
dFðtÞþ
Xk1
i¼1
ðCmþ iCsÞ
R ðiþ1ÞDt
iDt dFðtÞ
Yi
j¼1
PðXðj1ÞDt;jDt<LsÞþðCmþkCsÞ
R Ts
kDtdFðtÞ
Yk
j¼1
PðXðj1ÞDt;jDt<LsÞ TskDtPTm
Cm
R Dt
0
dFðtÞþ
Xk1
i¼1
½Cmþði1ÞCs
R ðiþ1ÞDt
iDt dFðtÞ
Yi
j¼1
PðXðj1ÞDt;jDt<LsÞ TskDt<Tm
8>>><
>>>:Hence, the expected total life cycle cost of the system can be
inferred as
EðCÞ ¼ E1ðCÞ þ E2ðCÞ ð14ÞFig. 2 Comparison of reliability between test and analytic
method.4.3. Optimization model
In the proposed preventive maintenance strategy, an impor-
tant problem is how to optimize servicing period Dt and the
preventive maintenance time Ts. The expected life-cycle cost
per unit time C(t) has been considered as an objective for this
optimization. Therefore, the optimization model subject to the
constraint of dependability can be given as
min CðtÞ ¼ EðCÞ
EðTÞ
s:t: PðXðtþ TmÞ < LsjXðtÞ < LsÞ ¼ Rðtþ TmÞ
RðtÞ P a
ð15Þ
There are many algorithms to compute the optimal mainte-
nance strategy values ðDt;Ts Þ. In order to make maintenance
strategy implement practically, it can search the servicing per-
iod Dt in the integral range to get the corresponding objective
C(t). It is easy to compare the calculated C(t) with the aim of
ﬁnding the minimum value C(t). In the end, the values of Dt
and Ts corresponding to minimum value C(t) are the optimal
maintenance strategy values.
5. Example application
5.1. Background
In this section, an example application of the model is
presented. The work process of water pump rotor can be
seen as a cumulative damage process. The impeller is thekey part for water pump rotor. Its wear abrasion extend
has an impact on the water pump rotor. The water pump
rotor is on scheduled servicing in order to lubricate the
impeller. Based on the failure time of the rotor and the
servicing period Dt= 10 months, the parameters of compos-
ite Poisson process are ﬁtted as follows. The number of
shock N(t) is modeled as a non-homogeneous Poisson
process with intensity m(0, t) = 0.12t1.75. The damage after
each shock Yi is modeled as a normal distribution with
mean l= 4.5 · 104 and variance r2 = 108. The critical
threshold is chosen as Ls = 0.04. Based on Eq. (6), the
reliability function of water pump rotor R(t) at time t at
(0, 1) isRðtÞ¼U 0:040:54½t
1:75ð10i10Þ1:75
1:6104½t1:75ð10i10Þ1:750:5
( )
Yi1
j¼1
U
0:0430:36½j1:75ðj1Þ1:75
11:97104½j1:75ðj1Þ1:750:5
( )
t2ð10i10;10i
ð16Þ
In Fig. 2, the reliability of water pump rotor obtained from
Eq. (16) and real test data are shown considering the scheduled
servicing.
The result shows that the reliability analytic values at ser-
vicing time are fairly close to the test value. The model seems
to ﬁt well for the rotor reliability. It can be noticed that after
each servicing the rotor reliability values remain approxi-
mately steady for a while. This is due to the delay effect on reli-
ability decrease speed from the scheduled servicing. Fig. 2 also
shows that at some time the rotor reliability values decrease
rapidly. For example, the reliability analytic values change
from 0.827 to 0.595 when the working time increases from
137 months to 140 months. This can be explained by imperfect
maintenance effect of servicing. The delay effect of servicing
declines gradually ﬁrstly, when the working time increases,
but after a moment it rapidly becomes worse. In practice,
Fig. 3 Expected life-cycle cost per unit time.
826 D. Li et al.the failure number of rotor is few at the beginning of working
time, but it will be apparently larger at some time. The reliabil-
ity cure of the water rotor proves that the model in this paper
meets more practical operational situations.
5.2. Analysis of failure rate refresh factor
To illustrate the maintenance effect of servicing, consider the
water pump rotor described in Section 5.1. Failure rate refresh
factors of each servicing time obtained from Eq. (11) are pre-
sented in the Table 1.
From Table 1, it can be seen that failure rate refresh factors
of the ﬁrst ten servicing times are 100% approximately. The
servicing restores the rotor operating state to ‘‘as good as
new’’ during early servicing time (from 10 months to
110 months in Table 1). This is because the failure rate of rotor
is lower itself in early time and the incipient servicing with a
better maintenance effect is able to restore the rotor operating
state. Meanwhile, the reliability values before 110 months are
approximately 1 in the Fig. 2. It also shows that the incipient
servicing can restore the rotor ‘‘as good as new’’. In practice,
the servicing can make the rotor work well and low the prob-
ability of failure. So this case matches the operations.
With the working time and servicing number increasing, it
can be observed from Table 1 that the failure rate refresh fac-
tor decreases gradually (i.e., the maintenance effect becomes
worse). Obviously, the servicing changes the rotor failure rate
to some newer but not all the way to zero (not new). The fail-
ure rate refresh factor can describe the trend that maintenance
effect changes with the working time and servicing number.
Some traditional methods rely on an expert judgment to esti-
mate the maintenance effect and the estimation value is com-
monly ﬁxed.5,6 Compared with these methods, the failure
rate refresh factor proposed in this paper is on the basis of
the system damage value and failure mechanism, which can
represent the maintenance effect trend of servicing intuitively
and objectively.
5.3. Maintenance strategy optimization
The section presents the water pump rotor numerical example
to obtain the optimal preventive maintenance strategy pro-
posed in Section 4.1. Let the servicing cost Cs = $140, the pre-
ventive maintenance cost Cp = $1000 and the corrective
maintenance cost Cm = $2000. It is assumed that the mission
time of rotor Tm is 4 months. The probability that the rotor
survive for the duration of Tm = 4 months is required to be
not less than 0.8, i.e., a= 0.8. Using the design parametersTable 1 Failure rate refresh factor for water pump rotor.
Servicing time (Month) 10 20 30 40 50 60
Refresh factor (%) 100 100 100 100 100 100
Servicing time (Month) 70 80 90 100 110 120
Refresh factor (%) 100 100 99.99 99.89 99.07 95.74
Servicing time (Month) 130 140 150 160 170 180
Refresh factor (%) 87.38 72.99 54.74 21.97 11.90 5.88given above, the expected life-cycle cost per unit time C(t)
for different values of servicing period Dt is presented in Fig. 3.
As can be seen in the ﬁgure, the minimal cost is obtained for
Dt= 15 months with C*(t) = 20.49 $/month. Furthermore,
the preventive maintenance time Ts is 85.5 months when the
servicing period Dt is 15 months. In this case, the optimal ser-
vicing period Dt* = 15 months and preventive maintenance
time Ts ¼ 85:5 months are determined. In practice, the water
pump rotor is serviced periodically with 15 months and is pre-
ventively maintained at time 85.5 months. Fig. 3 shows that
expected life-cycle cost per unit time changes with the integral
servicing period, because the expected life-cycle cost per unit
time is under the inﬂuence of servicing cost and average work-
ing time, and average working time also has a relationship with
period and cost of servicing. The sensitivity of expected life-
cycle cost per unit time to different servicing periods are not
considered in this paper because of its complexity and limit
paper space. Obviously, it is easier to search the optimal inte-
gral servicing period that makes the maintenance strategy
implement practically.
To illustrate the effect of different strategy values (Dt, Ts)
on the rotor operation condition, the failure probability p,
the average working time E(t), the average cost E(C) and the
average servicing cost E(Cs) in one maintenance cycle are cal-
culated. The results are summarized in Table 2.
From Table 2, we have the following observations:
(1) When the servicing period is small, the maintenance
strategy in this paper cannot control the failure proba-
bility effectively, in this way the high corrective mainte-
nance cost has to be paid. Meanwhile, the frequency of
servicing is so great that the servicing cost is large. This
result (when Dt= 8, 9, 10) implies that the cost has a
signiﬁcant impact on the expected cost when the servic-
ing period is relatively small.
(2) As the servicing period increases, both the failure prob-
ability and servicing frequency are appropriate, and then
the optimal expected cost can be derived. This is
expected to occur, since the average working time is able
to make expected cost optimal when the average work-
ing time changes a little. For instance, when Dt= 14,
15, 16 months, compared with the average working time,
there is a greater different on the average time. However,
when the servicing period is larger, the preventive main-
tenance action has to be ahead of time in order to meet
the constraint Eq. (12). It is noticed that the rotor is
serviced only once when servicing period is 36 months.
Table 2 Effect of different strategy values.
(Dt, Ts) C(t) p E(t) E(C) E(Cs)
(8, 176) 24.18 0.2969 173.60 4196.83 3037.91
(9, 158) 23.25 0.2846 154.71 3597.83 2406.66
(10, 136) 22.04 0.1722 134.24 2959.06 1879.37
(14, 93.5) 20.64 0.0840 92.61 1911.89 926.12
(15, 85.5)* 20.49 0.0478 84.96 1741.04 793.01
(16, 76) 20.66 0.0091 75.89 1567.84 664.03
(36, 54) 21.18 0.0034 53.98 1143.29 209.93
(42, 37.5) 26.86 0.0072 37.49 1007.21 0
(43, 37.5) 26.86 0.0072 37.49 1007.21 0
*
Note: represents the optimal values.
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too large to meet the constraint Eq. (12). The servicing
has no inﬂuence on the rotor so that the preventive
maintenance time is set as the same value. Obviously,
the expected cost is a ﬁxed value (i.e., 26.86 $/month).
All the numerical results are intuitive and reasonable. It can
be seen that this study is appropriate for water pump rotor
involving scheduled servicing.
5.4. Discussion
The section investigates the performance taking into account
the servicing and mission time. The scheduled servicing can
delay the reliability decrease speed in order to prolong the sys-
tems operation lifetime. It has a great operation performance
improvement for the systems in practice, which cannot be
neglected. Meanwhile, the proportion that system survives
for the duration of the mission time can restrict the reliability
decrease proportion in order to control the failure probability,
so the delay effect and decrease proportion are jointly opti-
mized to obtain the maintenance strategy in this paper. To
investigate the beneﬁts of the proposed maintenance strategy,
some indexes of different strategies are provided in Table 3.
From Table 3, the average working time is 37.49 months
without servicing. It means the lifetime of water pump rotor
is 37.49 months. Considering scheduled servicing, the average
working time of only servicing and combined strategy, respec-
tively, are 98.21 months and 84.96 months. It is clear that the
servicing makes the systems work longer. So the number of
preventive (or corrective) maintenance action can be reduced
and there is a large decrease in the total lifetime maintenance
cost.21 It can be observed that the expected life-cycle cost per
unit time under servicing is less than 53.35 $/month. If there
is only servicing, the system has to work until failure. Though
the average working time is longer (i.e., 98.21 months), the
expected life-cycle cost per unit time is higher. This is because
the corrective maintenance cost must be paid. Compared with
the strategy of only servicing, the combined strategy can lowerTable 3 Comparison of maintenance strategies.
Maintenance strategy (Dt, Ts) E(t) p C(t)
Without servicing 37.49 1.0000 53.35
Only servicing (15, –) 98.21 1.0000 28.42
Combined strategy (15, 85.5) 84.96 0.0478 20.49effectively the failure probability (i.e., 0.0478). More impor-
tantly, it can guarantee the dependability of rotor. Based on
the combined maintenance strategy proposed in this paper,
the engineers know clearly that the probability of the rotor
accomplish mission cannot be less than 0.8 at any time before
the preventive maintenance time. Obviously, it is of great
beneﬁt to the engineers.
6. Conclusions
(1) An improved method is presented to model the system
damage process on servicing. And the failure rate refresh
factor is proposed to measure the maintenance effect of
servicing. Given the example of water pump rotor, the
model can ﬁt well the reliability rule. Meanwhile, the
failure rate refresh factor can describe the characteristic
that maintenance effect decreases with the working time
and servicing number. Compared with the existing
imperfect maintenance model, the result shows that it
is helpful for operators to realize intuitively and objec-
tively the maintenance effect of servicing by using the
failure rate refresh factor.
(2) A preventive maintenance strategy which sets a limit to
dependability over the life-cycle of the system is pre-
sented. Then the optimization model is developed to
determine the optimal servicing period and preventive
maintenance time, with an objective to minimize the
system expected life-cycle cost per unit time. The result
demonstrates that it can be used not only to prolong
the lifetime of system aiming to reduce the total lifetime
maintenance cost, but also to ensure the high dependabil-
ity of system during the life-cycle. Under this study, the
proposed maintenance strategy has practical signiﬁcance
for engineers and operators.
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